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THE DESIGN AND APPLICATI@N OF AN INI;’RAREl3 SDJULA - 
Ti3R FOR THERLL4.L VACUUM TESTING 

AB STRAC T 

An inCrarcd simulator was developed and installed in Cham- 
ber -4 in support of !:le Apollo lunar -exploration mission 
the-ilnal vacsiix teatin:. . The simulator was designed to 
provide thermal simu!~lio.i oi  +ne i-adiation emitted and re - 
fleeted by the lunar surface inci2ent OR the Apcllo service 
module in a 60 -mile -aliirl~de lcnar o ~ 5 i t .  
s inula tor  cornpi ises 18 individually cnntrol: ed zones that 
prljiride the irradiance pmfiles over F, 180” a r c  around the 
spacecraft, simulating the flux !eve15 of eqcalo: ia l ,  p31ai.: 
and 45” lunar orbits. 

The infrared 

A.n extensive design aiid development prograin was i.:iitiatec? 
to provide a large infmred (XK) simulator for the thermal vacuum 
testing of the hp~I.10 scientjfic instrument iiiodule (SIM). 
mary design rcquirement,s n e  a s  follows. 

The pri- 

1. Isotropic (,diffuse) I 3  flux must be provided over  a 180” 
arc a r o u c ?  ‘he  p pol lo service moduie ti; EiiiiiAate the direction- 
alj.ty n i  iunar thermal elmission. The isckropicity is necessary 
because some critical compcment~ recessed in the (S~IVI) reflec - 
tive cavity a r e  sensitive to ciirectiom.lity and because nxmy of the 
critical slirfaces x:? not cliffuse absorbers. 

Ti le  flux niusi: be control1abl.e i.ndependently in 18 evenly 
spaced heater Z O ~ S  pzraliei to the axis of the service module to 
achie7i.e the TGW~OUS orbital flux p ro l ih sB  

should iiiatc:ii that portioii of the luna;. surface corresponding to 
each heater zone; tilai is, tiis p ~ ~ i ~ i c t  of the vehic,le -to - s imula te  
view factor xiid I-’r?c hemir.p!ir-ric.a.l emittance should he 2s clone to  

2, 

3. The color teinperz’hse n u s t  riot cxceed 600” F and 

r 
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unity as  possible because of niliilerous critical heat -transfer s u r  - 
faces having varying IR absorption spectra. 

controllability for each heater zone to simulate transient f lux  
conditions. 

trollable from 140 to 440 Btu/ft -hr for each heater zone, 

binary input, 1 2  -kilowatt, and 117- o r  208-volt proportional 
power control1 ers .  

The final configuration of the TTt simulator is a retractable, 
semicylindrical envelope located opposite the solar simulation 
array.  The power to each heater zone was controlled to a prede- 
termined profile to provide a transient circumferential flux pro - 
file equivalent to that experienced in a CO -mile -altitude lull3 r' 
orbit. For lunar darkside simulation, the simulator was  re- 
tracted s o  that the spacecraft could view the liquid-nitrogen- 
cooled chamber paneling. 

special preparation of the heater strips),  the control system, and 
the czlibration of the IR simulator are described. 

4. The thermal response time mast be minimized to allow 

5. The flux range at the spacecraft surface must be con- 

6. The system must be compatible with the existing 6-bit 
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The mechanical design, the thermal design (including the 

ME CHAPTICAL OESIGN 

Cage Structure 

The IR simulator is a semicylindrical envelope with 18 
heater zones positioned 18 inches from the spacecraft at a diam- 
eter of 16 feet with a n  overall height of 18 feet (Figs. 1. and 2). 
These heater zones a r e  mounted in a cage structure, which is 
coinposed of ail inrier support frame and a concentric outer struc- 
tural  member. The four equally spaced support and structural  
members a r e  cocnected by self-adjusting c ros s  braces.  The 
outer structural  member with the slotted c ross  braces provides 
for  the expansion and contraction of the cage while providing 
structural  rigidity. The inner and outer sections a r e  17 feet 
4 inches and 21 feet 4 inches in diameter, respectively. The 
entire structure w a s  fabrkat.ed froin 2-inch o.d. ,  0.188-inch 
wall, 6061-T6 aluminum tubing. The total weight of the struc- 
ture, including heater zones and power cabling, is 1990 pounds. 

s t r ips  and the exposure of the cage structure to the liquid- 
nitrogeii-cooled cryogenic panels, the inner and outer frame 
w o u Id exp e r i ea c e 1 a r g c? temp e r a t:u r e grad i e lit- s (a pp r ox i in at e 1 y 

Cated a thci.mai stress analysis of the entire structure. The 

Became of tht) high operating temperature of the heater 

460" F a t  +Jlc ccntcr of' t;t.;c s ip-u~ntor) .   his ~onditinl:  nc,.ccssi- 



computer pmgram, "STRAN, '' was  used to calculate the 

The maximum compressive and tensile 
bending moments, and deflections caused by the expected 

temperature gradients. 
stresses were ca1c:ilated to be 13 220 psi and 12 780 psi, respec- 

d a safety factor in excess of 3.0. 

e support structure comprises a vertical t russ  and sup- 
port  a r m  structure, double -hinged upper lifting booms, and 
cross-braced stabilizer booms (Figs. 1 and 2). The vertical 
t russ  support a r m  and upper lifting booms were fabricated from 
6-inch-wide flange H-beams of 6061 -T6 aluminum. Two-inch 
0. d. , 0.125 -inch wall  aluminum tubing was used for the stabili- 
ze r  booms, 
sieel. The s t r rc tural  analysis of the TR simulator support sys-  
tem isdicated s t resses  < lo  000 psi, which provided a safety fac- 
tor of 3. 5 for  the stainless steel components and slightly >3.0 
for the aluminum members. 

All bearings and pivot pins were 300 series stainless 

Infrared Simulator Heater Zone - 
A typical IR simulator heater zone is presented in Figure 3. 

The zone is composed of four 208 -inch-long high-purity 
80-percent nickel, 20-percent chromium str ips  3. 75 inches wide 
and 0. 006 inch thick. The s t r ips  were connected in ser ies  with a 
copper bus at the top and bottom; and the zone temperature was 
controlled by the average of 6 to 12 thermocouple readings, de- 
pending on zone location. Several. thermocouples were installed 
on the back side of the heater strips to provide control and the 
temperature grzdient over the entire length of the strip. The 
special high -response copper -constantan thermocouple installa- 
tion is shown in Figure 4. This attachment provided good ther- 
mal contact and f a s t  response time with the heater but was  
electrically isolated from the strip. The electrical-mechanical 
details a r e  illustrated in Figure 5. A s  shown, the four heater 
s t r ips  were spaced 1/4 inch apart  with glass-filled Teflon spa-  
cers, which were bolted on the back side of the heater s t r ips  by 
self -locking stainless steel nuts and bolts. A 1/16-inch copper 
s t r ip  was  installed between the heater s t r ip  and the Teflon spacer 
to decrease the possibility of localized hot spots. 
filled Teflo:~ spacers were selected after severa! calldidate mate - 
rials were evaluated for mechanical integrity under temperature 
exlrex-nes of -320" to t450" F. 
sections also were bolted to the heater s t r ips  with stainless steel 
self-l.ocking nuts and bolts. Again, < h i s  iissembly was selected 

The glass- 

The 1/8-inch-thick copper bus 



after several  techniques (silver soldering, brazing, etc. ) had 
been evaluated. Two 4 -inch-long stainless steel springs were 
installed at ihe bottom of the heater -zone assembly and were 
adjusted to provide a 100 -pound tension preload at ambient tern - 
peratures. 'This assembly ensured a flat heater zone under tem- 
perature extremes from full power (320" F) to cold-soak 
(-150" F) temperatures. 

Chamber A Installation 

The installation of' the fR simulator in Chamber A at the 
NASA Manned Spacecraft Center (MSC) is shown in Figures 1 
and 2. Thc IR cage structure is supported by a 1/2-inch-diarneter 
stainless steel lift cable and the vertical t russ  structure. The 
cage is cantilevered on two 264-inch-long lifting booms. A box- 
section hiilge system was desgned for. the cage end of the booms, 
which were spring loaded to provide positive positioning of the 
cage during retraction and redeployment. 

dark side of the moon, the simulator had to be lifted above the 
SIM bay io allow the spacecraft to view the liquid-nitrogen-cooled 
cryogenic panels. After a thorough review of seve?ral mecha- 
nisms, a parallelogram lift system was selzcted. This system 
provides cxce:lent-1.epeatability of precise positionirig of the IR 
siinulator around the spacecraft. A p1a.n view of the IR simulator 
deployed at a distance of 18 inches around the spacecraft is 
shown in Figure 1. 

To achieve the near-zero flux levels corresponding to the 

Lift Mechanism 

The IR siinula tor cage structure was automatically re - 
tracted by a 112 -inch cable and winch- motor assembly, which 
was installed at an elevation of approximately 65 feet. (See 
Fig. 1.) lThe drive system comprises a 1. 5-h.ornepower, 
3 -phase, 208 -volt rnotor connected to an 8O:l -ratio gearbox. 
The entire drive system, including the magnelic brake, was en- 
closed in a vacuum-tight housing. The housing is pressurized to 
30 psia with dry nitrogen. Controlled hea-ters are installed to 
maintain the components at essentially ambient temperature. 
The output shalt of the gearbox is connected to the drum through 
a vacuum feedthrough. The lift mechanism w a s  designed to fully 
retj-act the PI3  simulator in  iess than 1 minute. In addilion to the 
magnetic brake, the support-arm pads also provided a positive 
stop during the lowering of the TR simulator. 



THERMAL DESIGN 

Heat Source 

Three types of fky-gcnerating systems were investigated: 
1. Quartz-tungsten IR lamps with reflectors 
2, F'ilm heaters embedded in Kapton and mounted on 

3, Directly excited, very thin nickel -chromium alloy 

The IR lamps were rejected because of their inability to 

1/16-inch-thick, black-painted aluminum sheet 

sheets 

meet the isotropicity requirement and also because of their very 
high color temperature (>lOOO" F, and variable, depending on the 
power input). The film heater on an aluminum sheet was reject- 
ed, after laboratory testing, Secause of the slow thermal re- 
sponse (300" to 0" F in 15  minutes, 0" IO 300" F plateau ill 
10 minutes) and the danger of outgassing (of heater and ac-2hes;ire) 
of condensable materials upon heater fziliire. Also, because of 
the large area of the simulator required (approximacely 500 f t  ), 

2 the heater cost was  high, approxiniateiy $50/ft . 
excited, thin nickel-chromium str ips  met the requirements when 
painted with a high-emissivity coating. This material proved to 
be ideai because its high mechanical slrengih permitted i3hysical 
integrity of very thin s t r ips  and because its relatively high re-  
sistance permitted high -voltage, low -current operation. The 
thin s t r ips  have a very large surface -to-thermal-mass ratio, 
which provides the fast thermal response. 

12-kilowatt, 117- or 208-volt proportional controllers and for  
provision of the optimum view factor frcm tlic test article, each 
simulator zone consisted of four parallel vertical s t r ips  1 7  feet 
long, 3-3/4 inches wide, and 0.006 inch thick. The s t r ips  were 
,connected electrically in series.  To minimize arcing (corma),  
the 120-volt mode of the power controllers ~7as employed. Use 
of this inode required a resistance of 1 . 5  ohms, which cor re-  

sponded to a maximum power inpirt of 8 x 10 watts/zone. Sev- 
eral material and fabrjcation problems had to be solved prior to 
the final design of the system. The final selection of materials 
and fabrication techniques Zre discussed in some detail herein. 

2 

The directly 

For compatibility with Uie existing 6 -hit binary input, 

3 



Heater -Strip Material 

The material selected was a high-purity "Tophet A" alloy, 
80-percent nickel, 20 -percent chromiuni, and essentially iron 
free, The resistivity of this material is 510 ohms/mil foot at 
20" C, with deviation ranging from -0.7 to +6 percent in the 
range -60" to +400" F. 

Thermocouples 

Copper --constantan thermocouples embedded in Kapton film 
were selected .lo provide fact thermal response and electrical 
isolation from the heater strips. TI.,e embedded thermocouples 
were applied with Minnesota Mining and Manufacturing Company 
(3M) no. 467 adhesive transfer tape. (See Fig. 4 . )  The Kapton 
film has been shown to be unaifected by operation at tempe;x- 
tures  up to 500" F. 
imately 1 mil) Kapton film caused negligible temperature 
differential between the thermocouple and the heater strip. 
thin material also has a very small  thermal inass m d ,  thus,  per-  
mi t s  the thermocouple to closely €ollbw the variation in the 
heater -strip temperatures. 

The thin thermocouple foil and thin (ap.pr9x- 

The 

The electrical insulation and healer -strip spacers were 
Teflon with 25 -prcent -g lass  filler. Wherever Teflon was to be 
placed over the heater strip,  copper was attached first to the 
s t r ip  to create an electrical short over the covered area and, 
thereby, to prevent excessive temperatures caused by inhibition 
of heat dissipation by the Teflon. 

Heater -Strip Coating 
\ 

An extensive evaluation of several  materials was made be- 
fore the 3M Nextel 401C-10 black velvet paint was selected. Some 
of the coatings th,zL were tested and rejected are the following. 

1. Potassium silicate blt~clr - This coating, dce loped  at 
the NASA Goddard Space Flight Center by Schutt, was  the most 
promising becailse it was of higher emittance than any o t h a  coat- 
ing evaluated; because it is electric,ally insulating; and because it 
is inorganic, which is highly desirable from a contamination 
standpoint. 
er,ough to the nickel-chromium alloy to be acceptable. 
lem areas were arowid noiinictzl!ic parts (insulators, spacers, 
4-1.. LILerniocouples), wliJ ch seemed to be ceiliers about wiiicii the 

Uiifortunately; the material did not adhere well  
The prob- 



would blister and eventually flake of€. The alloy was  de- 
greased and given a final bath in hot 3-percent hydrogen peroxide 
to 1-percent ammonia soiuiion tc provide as clean a surface as 
possible. The surface was also "broken," before cleaning, with 
fine grit emery cloth. This paint, however, adhered very wel l  
to aluminum and to sandblasted nickel-chromium alloy. 
6-mil-thick alloy, Iiowever, was  so thin that it severely warped 

The 

' ndblasting; therefore, such pretreatment was  unacceptable. . Magna X-500 - This is a low-outgassing urethane, flat- 
ateria! that is electrically conductive. The material ad- 

hered well  to the nickel-chromium alloy, but its emittance was  
approximately 6 percent less than that of the 3M black velvet 
paint. The electrical conductivity was  not desirable because of 
the danger of shorting between the strips; which were only 

a-jet-applied ceramic coatings - Emittances of 
tbesc coatings were lower than emittances of coatings mentioned 
previously, and all ceramic coatings required sandblasting for 
adherence, 

The method developed for applying the 3M paint to the 
nickel-chromium str ip  is as follows. 

1. Surface prep2 ra  tion 
a. Place lull-length heater s t r ips  on workbench cov- 

Li. Clean S ~ Y ~ ~ J S  with precision-grade Freon, using 
ered with clean polysthplcne film. 

paper wipes. Clean gloves (polyethylene o r  other plastic) are to 
be worn €or this and following operations. 

par t  of Dupont 57175 metal conditioner. Apply the solution to the 
s t r ips  with a brush o r  sponge, and scrub surfaces with 220- to 
280 -grit safidpaper o r  steel wool until the glaze is removed. 
Keep thc surface wet with the solutiori during the deglazir,g 
ope ration, 

clean, dry cloth; and let the surface dry for 10 minutes. 

dividual IR simulator heater zone. (See Fig. 3 . )  Mount the 
entire assembly in a special handling fixture. 

in Kapton film), using 3M no. 467 adhesive transfer tape as a 
bonding material. Using a lamp, heat the thermocouples to 
160" F for 5 minutes. WI.ri1.e heating, p re s s  the thcrrnacouple to 
remove all air bubbles. 

g .  Wipe off heater surfaces with methyl ethyl ketone. 

c.  Prepare a solution of two par ts  of water and one 

d. Wipe off all the solution from the surface, using a 

e. Assemble heater s t r ips  with other par ts  to form in- 

f. Apply thermocouples (copper -constantan embedded 



2. Priming 
a. Pr ime the heater surfaces with 3M Nextel 901C 

primer,  and air flash for 3 to 5 minutes. Priming and coating 
are to be done along the lozg dimension. Use a spray gun for the 
operation, 

next step. 
b. Air dry for 5 to 7 minutes before proceeding to the 

3. Coating and drying 
a. Prepare 3M 401C-10 Nextel black velvet paint ac- 

cording to the manufacturer's specifications, 
b. Spray a thin coat, followed immediately by a thick 

coat, of 3M black velvet paint such that a total coating thickness 
of 0.002 to 0.003 inch is achieved. 

face with a polyethylene film to prevent the collection of dust 
particles cn the surface. 

heater zone for a minimum of 4 hours a t  250" F at a pressure 

below 1 X torr ,  

c, After 2 hours of air drying, cover the coated s u r -  

4. Outgassing - Outgas tiit. flil!y assembled IR simulator 

Infrared Simulator Heater --Zone Performance 

Several thermal vacuum tests were conducted on full-scale 
prototype W. s j  mulalor heater zones, The coatings previously 
mentioned were evaluated, using different surface preparation 
and coating techniques. In addition, several types of controllers, 
thermocouples, and electrical connections were evaluated. The 
heatup and cooldown responses of the preproduction IR simulator 
heater zone a r e  presented in Figure 6. The d a h  are for an iso- 
lated heater zone that is not exposed to an external radiation 
source. The view factor from the spacecraft to the complete 
18-zone IR simulator with the 18-inch space between the heater 
s t r ips  and the spacecraft skin is 0.92. The hemispherical emit- 
tance of the 3M black velvet paint is between 0.85 and 0.90. Be- 
cause of the high view factcr, the heater strips also were heated 
by radiation emitted by the spacecraft skin, This effect required 
that the zones be controlled by temperature instead of by power 
output. Heating of the heater s t r ips  by the spacecraft also caused 
slower cooling response. Iiowever, t h i s  effect did not cause any 
problem of maintaining transient flux conditions during the hot 
portions of lunar orbit. 

The filial installztion had the disadvantage that the low flux 
levels required to accommodate the orbital profile of transcend- 
ing to the dark side of the inoon could not be achieved with t h e  
sixdater ill the deplzycc! posjticn. Bccause the simulator had 



to be retracted to facilitate tJ?c installation and removal of the 
calibration fixture arid the actual test  vehicle, the retraction sys  - 
tern w a s  designed for cryogenic vacuum service. The results 
from the full-scale system show thst the cooldown response was 
similar to the prctotype data when the simulator was in the re- 
tracted position. The flux level at the test art icle decreased from 

a maximum of 440 Btu/ft -hr to 5 Btu/ft -hr in approsimately 
90 seconds. 

2 2 

CONTROL SYSTEM 

The IF€ simulator was controlled by the acceptance checkout 
equipment (ACE) computers that a r e  part  of the data acquisition 
and recording system in the I'vISC Space Znvironment Simulation 
Laboratory (SESL). A softwpre computer program was  developed 
to permit either open- o r  closxi-loop control 01' the 18 power 
zones to a predefined temperaturt p o f j l e  and to provide auto- 
mated control of the IR siinulator lift mechanisni for positioriiiig 
the IR simulator. 
power signal for each of the 18  power controllers. 
of this program and the general approach to the use gf the com- 
puter for this application are described in a pape:. by Dewey (1). 
The power controllers were silicon-controlled rectifiers capable 
of prockcixg 12 -ki!o;vatt, 117-vclt rectified altercating current. 
The software package provided for considerable flexibility through 
real-time C -start input of options, including the following. 

1. Selection of up to 99 different desired temperature 
profiles 

2. Selection of the time interval between power control 
signal updates 

3. Selection of paranieters t h s t  rpgulakd the "look-ahead" 
feature to allov.7 €or the thermal response of the heaters to a 
power change 

4. Use of multipliers to modify the desired input- 
. temperature profile for each control zone 

5. Definition of thermocouples to be averaged for closed- 
loop temperature control 

6. Definition of lift -m echanism -control parameters 
7. Selection of contrcl, timing, and cathode-ray-tube dis- 

The IR simulator control sensors  were copper-constantan 

The computer program generated a 6-bit 
The details 

play modes 

tiierniocouples mounted on, and elccti-lcally isolated from, the 
heater strips. The thermocouples were arranged in  a pattern 
that provided six thernmcoupleD per  heater control zone near the 
edge of the in simulator arid 12 thermocouples per heater zone 



near  the cpnicr of the IR simulator over the open SIM hay on the 
test article. Any combination of the thermocouples on a given 
colltroi zone could be averaged and used as the closed-loop con- 
trol signal for. t h t  zone. 

%%e c m t r d  program read the desired temperature profile 
recorded on magnetic tape and coinpared the desired tempera- 
ture f ~ i -  the current update inten-al to the measured temperature 
for each heater control zone. The program then corrected the 
command to the power controllers to cause the measured tem- 
perature to approximate the desired temperature at the end of 
the update interval. The computer program used a look-ahead 
feature - based on the difference between the actual and desired 
tei-rlperatures, the length of the update interval, and the physical 
properties of the heater system - to determine the correction to 
the power command for each update. At a prescribed time in the 
profile, the D3 simulator could be lowered o r  raised automatically 
Lo provlde 2, step lieat input to the test art icle o r  to provide a large 
view of the chamher liquid -nitrogen -coded cryogenic panels for a 
low -flux eiw i r onr2 ent . 
profile tape, a thermal model cf the Et simulator/test-article 
system was develqxd. The data required for the profile tape 
coiisisted of a set of a desired temperature fa r  each heater con- 
trol zone tor  a @veri update interval that, corresponded to a giver, 
location in a simulated orbit. The determination of the tempera- 
ture distribution on the IR simulator heater zones was  based on a 
known flux distribution incident upon the Apollo service module in 
lunar orbit. The model consisted of 18 planar heater nodes, and 
18 corresponding s t r ip  nodes on the spacecraft were defined. 
After determining all of the necessary "script F" radiation ex- 
change factors 5y using a computerized Monte Carlo technique, a 
system of 13 simultaneous equations was defined by equating the 
desired flux for each spacecraft node to the summation of the flux 
contribution from ali heaters. The system of sirnultaneoirs equa- 
tions was solved to determine the required temperature distribu- 
tion for each updzte interval. To simulate the equatorial and 45" 
lunar-orbital environments required for the testing program, the 
update interval used was  100 secoiids, o r  one update every 5 "  dur- 
ing the lunar  orbit of 2 hours. 
lated oi-kits was defined as the subsolar point, o r  the center of the 
dark side ci lunar orbit. -4pproximately 3G ininutes after the 
start of 3 simul>ted orbit: the ?R simrrl2tor was lou7ered to thc 
pmsimity G f  :he spacecraft; aid, appxximately 1 hour later, tlze 
IR %irnulatur w a s  raised to s imda te  tlie spacecraft passing the 
texxiiriator to !he dark sidc of the moon. 

To provide the data required for the desired-temperature - 

The starting point for the simu- 



The sinzultaneous -eqczlion technique of determining the 
desired temperature profile was used as a first approximation to 
be later verified and adjusted during the planned calibration test. 
The computer prctgram used to solve the simultaneous -equation 
network also w a s  uccd to punch zxrds formatted as required for 
direct input to the ACE software package. The only significant 
problem encountered when using this modeling technique was 
that, during c e r h i n  portions of lunar orbit, particularly during 
the 45" inclination orbits, large variations in the required cir- 
cumferential flux distribution caused the unique network solution 
to include several temperatures below 0" R. A trial-and-error 
adjustment of the desired flux distribution was  required to cor-  
rec t  the network solution to yield a meaningful temperature dis - 
tribution without significantiy altering the resulting flux 
distribution. 

The calibration test data showed that the €luxes incident to 
the spacecraft both for the equatorial and 45" orbits were approx- 
imately 10 to 15 percent higher than those predicted by using the 
simultaneous -equation network. Because the solution technique 
did not iiiclude reflected and re-emitted energy, this result was  
expecteu. Corrections were made in real time during the test by 
using a C-start inpiit of a multiplying factor for each heater zone, 
which reduced "Le desired temperature values by 5 percent. A 
comparison of the desired flux distribution and the actual flux ob- 
tained during the calibration test on a node near the center of the 
spacecraft for the equatorial orbit is shown in Figure 7, and the 
same comparison for the 45" incliiiation orbit for a node near the 
solar side of the spacecraft is shown in Figure 8. 

INFRARED SIMULATOR CALIBRATION 

Because t h e  heater strips of the IR siinuiator are affected 
by heat emanating from the test art icle and because, in some lo- 
cations on the test  article, the net flux received at a surface re- 
sulted from reflections from several surfaces on the test  art icle 
itself, the siniulator was calibrated with a mockup of the 2TV-2 
service module (known 2s the "boil.erplate"), which w a s  outfitted 
with radiometers. (See Fig. 9. ) The radiometer-laden space- 
craft scanned the flux profile of the IR simulator, and also of the 
solar  simulation system, as it was rotated 350" about its vertical 
axis. Details of the calibration phase and the resulting computer 
direction fo:* programed operaticm of the system in actual testing 
were discussed in Ihe previotrs section. 
ployed aye OC two types. One j r  the Boclter-type heat-flux trans- 
ducer, coated with high-emissii ity, 3M black velvet paint, mounted 
directly on the bcilerplate spacecraft skin with a continuous-type 

The radiometers em - 



adhesive (epo-xy). 
sensor mounted on a water -cooled (and heated) aluminum block. 
The water permi.tted the radionxtcr to be maintained at constant 
temperature anit was  ihe ever?txxl p3ourcc of sink of transferred 
radiation. 

The technique provided, in c? single measurement, an accurate 
determination of the radiometer serisitivity to incident IR hemi- 
spherical radiation in vacilurn without the need for an irradiance 
reference. 
chamber, their temperatures were controlled by water flow, and 
their  eiivironi:ie:its were configured so as to view only black, cry-  
ogenicalljr cooled (77"  K) surfaces. Because of the radiometer 
sensing-element design (2), the response is equzl in magnitude 
but opposite in sign for emitted irradiaiice as compared to ab- 
sorbed iriadiance. 
diation, heznispherical e m i t h i m  io;. a gray body over a given 
wavelength interval is equal to tlie heinispherical absorptance for 
the same interval, the seiisitivity of the radiometers for incident 
hem isphei-ical TR radi2,tion is calculated according to 

The second ra.djometer is the same type of 

The calibration of these zadiometers w a s  simple arid direct. 

Tine radiometers were simply placed in a vacuum 

Because. according to IWxhoff's law of ra- 

,.I 

0(T4 - T w  41 

V 
S =  

2 where S = radiometer output, Btu/ft -hr-mv 

2 
G = Stefan-Boltzniann constant, 0.173 X 

T = temperature of the ~ a d i o i n e t e r  in the calibration 

Btu/ft -hr- 

OR4 

chamber, "R 

T = temperature of calibration c?~amber walls, OR 
W 

V = radiometer output at temperature T in calibration 
chamber, mv 

It is seen that the flux csed for  the calibration is that emitted by 
the radiometer itself l o  tile cold enviroilment, and the only in- 
trinsic paraiiieter that iiiust be accurately known is the radiome- 
te r  tempcratl.we. 

provided t l~at  the surface is grxy in tlie E3 region and is ziipproxi- 
niately ;t Laniberlian (diffuse) m u i , f a x  i? the HE region, as ex- 
plained in  the foiiowing, 

Thc exact vplue of radiometer eniittance is !lot necessary, 



If the emittance e were known, a calibration factor for 
absorbed irradiance would be calculated from 

\ 

1 s = E S  

When irradiance is measured, the absorbed irradiance 
would bc determined by 

Q!Q - E U T 4  = sl.v (3) 

where V = miilivolt output ir, measurement 

Q! = radiometer absorptivity 

Q = incident irradiance 

E = radiometer emissivtiy 

Becauset according to Kirchoff, Q! = E ,  the value or' Q is 
determined by 

and, thus, the value of t disappears in the determination. For 
the particular type of radiometer employed, the temperahire dif - 
ferential between the frolit face anci the r e a r  (reference) face of 
the slab is much less than 1" F. Therefore, e r r o r s  caused by 
differences in measured (budy) temperature and sensing-surface 
temperature are negligible. It has been found that the most zc-  
curate temperature measuremelit is made by silver soldering the 
measuring thermocouple to the radiometer water line as close to 
the radiometer as possible, ther: by wrapping the water line with 
reflective insulating film. Of coxme, this procedure requires 
sufficjent water flow. A flow of G .  2 gal/min through 1/4--inch- 
0.d.  line is sufficient. 

The radiometers mounted directly on the spacecraft (with- 
out water lines) were calibrated in  the same manner liy mounting 
them on a plate, the lemperaturc of which was  controlled by c i r -  
culating water. Thesc radiometers had thermocouples embedded 
in  thc smmr for ter iqerztuw measureinent. 
of thermalljr nonsiabilized radicmeter performed a s  er-pcted 
during calibration (wliere h w t  wa -i supplied by a conslax- 
temperature st ream of waterj ~ t he radiometers gave very spuri- 
ous data when mounfed oii t i ic tlii1-i sgacwraft  skin, whereiijpoc 

Although this  type 



the radiometers had to use internal heat content as heat sources 
and sinks. 
heat content caused severe thermal gradients within the sensor, 
which i n  turn gave the erroneeus data, because the sensor meas- 
u re s  heat transfer by measuring the temperature differential 
created by heat traversing its narrow conductive thickness. Such 
radiometers have! been used with success i f  they are mounted on 
thick copper L ~ o c ~ s ,  the thermal mass  of which essentially damp- 
ens the temperature excursions in the radiometer and, thereby, 
permits it to function properly. 

nornial solar absorptance of the 3M black velvet paint is approx- 
imafely 10 percent higher than the hemispherical IR emittance; 
and, when radiometers calibrated as described herein are used 
to measure solar simulation, this difference must be considered 
in  interpreting the data 

It is believed that this perturbation of radiometer 

An important factor in the use of the radiometers is that the 
. 

CONCLUSION 

This IR siniulxtinn system also was  used successfully to 
provide the total flux profile incident on the earth-viewing por- 
tions of the service module when in earth GrSit. It is believed 
that the techniques described herein may provide solutions to 
many problems of fherliial i madiance simulation in testing arti - 
cles with varied thermal control surfaces, where diffuse radia- 
tion and spectral match is necessary. 
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